The quality and safety of commercial vaccines have a profound importance. Contrary to all precautions and efforts the use of biological material in vaccine development and production may lead to potential contamination of the vaccines with known and unknown extraneous agents (EAs).
Introduction
The benefits of vaccination are unquestionable as vaccines are in general one of the most effective means of preventing infectious diseases in both animals and humans [1] . In 2010 the 30th anniversary was celebrated that smallpox had been eradicated, while recently the global freedom from Rinderpest was announced by the Food and Agriculture Organisation of the United Nations (FAO) underlining the remarkable achievements of vaccines and vaccination. In veterinary science vaccines help to protect health and welfare of the animals and prevent spread of diseases to humans.
Animal diseases are responsible for at least 17% loss in production and reduction of these losses has a paramount importance [2] . Considering the fact that the European Union applies pre-emptive culling to handle the outbreaks of highly contagious so-called transboundary animal diseases (TADs) the costs of TAD outbreaks are tremendous, because of animal health measurements applied, destruction of carcasses and compensations paid to farmers. The estimated costs of the UK foot-and-mouth disease (FMD) outbreaks in 2001 were approx. £3.800 million (USD 5.186 million) [3, 4] , while avian influenza (AI) outbreaks in the Netherlands in 2003 cost at least USD 612 million. Classical swine fever (CSF) outbreaks in the Netherlands between 1997 and 1998 caused USD 2.52 billion losses. Whenever it is possible the "vaccination to live" policy should be followed, because mass slaughter of animals in an outbreak has not only extremely high costs, but it is also rejected by the society on ethical basis and [2] .
Compared to the high costs of TAD outbreaks the development of a brand new vaccine needs approx. USD 50 million, nevertheless the whole process may take eight to ten years including demonstration of the safety and efficacy of the new product [2] .
The viral safety of vaccines is a key issue for both veterinary and human vaccines, which implies assurance of freedom of medicinal products from agents other than stated on the label. Furthermore, viral safety regarding vaccines also means that residual pathogenicity is within acceptable limits for safe use and the inactivated agents are completely inactivated.
Viral safety may be jeopardised by the following main factors: i.) reversion to virulence; ii.) recombination; iii.) incomplete inactivation; iv.) contaminations with EAs [5] . Vaccine development and production are profoundly linked to the use of biological material of animal or human origin, such as cell cultures obtained from various sources and foetal calf serum (FCS) used for growing the cells. The use of such biological material in vaccine development and production may lead to potential contaminations of the vaccine products. The contamination may happen in various steps of the manufacture procedure including the starting materials (master and working seed viruses), the production procedure itself and forming of finished product.
To ensure viral safety of animal and human medicinal products, regulations and guidelines have been developed [6] , moreover official lists of EAs have been compiled by Ph. Eur (see chapters 2.6.24 and 2.6.25) [7] and European Medicines Agency (EMA) to describe the potential agents, which must be tested during manufacture of vaccines.
The methodology how to test vaccines and how to detect EAs has similarities between the veterinary and human fields. The recent case and its technical background when PCV1 was revealed in a human vaccine offer several general implications for vaccine control and EA detection, which are discussed and reviewed hereby from a veterinary authority point of view.
Categories of EAs
The number of identified viruses reaches approximately 2300 viral species. However, the likely number of viruses on our globe may exceed 150,000 [8] . Based on another calculation this number could be even more striking, if you presume that every vertebrate animal has some 20 endemic viruses, then, given the fact that there are over 50,000 vertebrate species. Obviously, all of them cannot be found, but it is highly advisable to screen at least those animals that we come into contact with most and to obtain more knowledge about what viruses they may harbour [9] .
When discussing viral diversity and evolution, it is also very important to note that viruses evolve on a regular basis, constantly fuelled by mutations, which lead to complex mutant distributions, termed viral quasispecies. Quasispecies can ensure high genetic flexibility allowing rapid adaptation to environment [10] . Accordingly, the vast majority of viruses still belong to the "unknown" emerging virus category today.
Considering the viral EAs, three categories can be distinguished: i.) "known known" agents that are both known and suspected in the sample and should be tested for; ii.) the "known unknown" agents, which are known and can be tested for, but are not necessarily suspected in the sample; and iii.) the "unknown unknown" agents, which are yet unknown and cannot be currently tested for [5] .
Vaccine contaminations
Contrary to all unequivocal advantages of vaccines and vaccination, both the past and the presence offer several examples when a certain vaccine was contaminated [8] . Foamy virus (Spumaretroviridae) was identified as a contaminant of primary monkey kidney cultures used for vaccine production in the early 1950s. The virus causes a foam-like syncytial effect in cell cultures leading to cell lysis and destruction of cell cultures. However, they do not cause any clinical symptoms in vivo. Infected animals induce lifelong persistent infection [11] . In the 1960s it was shown that yellow fever live attenuated vaccines prepared in chicken embryo fibroblasts were infected with avian leukosis virus (ALV) [12] . Nevertheless, no increased risk for cancer was observed in vaccinated individuals, which was expected considering that ALV does not grow efficiently in mammalian cells [13e15] . Calicivirus was found in Chinese hamster ovary (CHO) cells [16] . Jorgensen et al. [17] revealed Newcastle disease virus (NDV) vaccine strains in different live poultry vaccines, while in 1990 a live attenuated multi-component canine vaccine was contaminated with a serotype of bluetongue virus causing abortions and death in pregnant bitches [18, 19] . Pestiviruses (BVDV types 1 and 2) are one of the most common EAs in veterinary and human vaccines [20e22, 24, 25] . The potential source of pestivirus in live vaccines prepared for human and veterinary use may be the use of FCS, which is applied for growing the cells during vaccine production [23] . As a further threat besides BVDV type 1 and 2 novel bovine pestiviruses (BVDV 3) were also detected in foetal calf serum used by diagnostic laboratories and bioindustry. These batches usually originated from Brazil, while contaminated bovine serum samples came from Thailand [26e29]. The diagnostic problem posed by novel bovine pestiviruses is primer sets designed to BVDV 1 and 2 usually fail to detect BVDV 3 sequences.
Another recent EA is RD114, a replication-competent feline endogenous g-retrovirus with xenotropic host spectra [30] , which was found in feline parvovirus vaccine [31] , canine distemper, adenovirus type 2 and parvovirus type 2 vaccines [32] . RD114 can be originated from the use of endogenous retrovirus susceptible cell lines, for instance Crandell-Rees feline kidney (CrFK) cells [33] , which are widely applied to produce dog vaccines, especially against canine coronavirus and parvovirus.
The most notable case of human vaccine contamination to date may have been when in the 20th century tens of millions of people worldwide were immunised with polio vaccines containing simian virus 40 (SV40) [34, 35] . SV40 was found to cause cancer in animals and is associated with human brain, bone and lung cancers, however, a clear connection was not found between this certain vaccine and any human tumour cases [36] .
The debate of what has to be considered as EAs and how to handle them from a regulatory point of view has been re-burdened very recently, when a porcine circovirus 1 (PCV1) was found in a rotavirus vaccine widely used worldwide for children [37] . This case triggered not only the paramount interest of the scientific and regulatory community, but also positioned vaccines and vaccine biosafety to immense public attention (http://edition.cnn.com/ 2010/HEALTH/03/22/rotavirus.vaccine/index.html).
Rotarix is a genetically engineered vaccine to prevent diarrhoea caused by rotavirus infection. It was created by GlaxoSmithKline (GSK) by isolating human rotavirus strain infecting a child in Cincinnati and using African Green monkey kidney cells to produce the original viral seed stock from which all Rotarix vaccine has been made [38] . It was licensed by the US Health Authority, the Food and Drug Administration (FDA), in 2008 and besides US it is used in altogether 114 countries including EU member states. Approximately 30 million children worldwide (primarily in Latin America) and a further approx. 1 million in the United States were vaccinated with Rotarix.
The EA was PCV1 À A Circovirus first described by Tischer et al. [39] as a contaminant of porcine kidney cell culture À which was first revealed in Rotarix by an academic research team using metagenomics and microarray tests [37] . Their aim was to evaluate the purity of eight live virus vaccines for polio, rubella, measles, yellow fever, human herpes (varicella or chicken pox), rotavirus (Rotarix and Rotateq) and multivalent measles-mumps-rubella (MMR) vaccine [40] .
In the FDA licensing process, Rotarix had met FDA standards, which included demonstrating the freedom from Transmissible Spongiform Encephalopathy (TSE) and certain bovine viruses, because bovine serum was used to prepare the original viral seed stock [41] . Porcine trypsin was also used to produce the viral seed stock [42] . GSK confirmed the presence of PCV1 in both the cell bank and the seed from which the vaccine is derived, suggesting its presence from the early stages of vaccine development.
In concordance with the fact PCV1 is considered harmless to humans even it does not cause disease in its natural host, in swine, no unexpected pattern of serious adverse reactions to Rotarix has been reported in any country. Nevertheless, subsequently FDA learned about the contamination, doctors were advised not to use this vaccine [43] . At the same time public health officials emphasised the suspension of Rotarix usage applied only to the United States and a risk-benefit approach should be followed in countries where the incidence of rotavirus is more severe. Rotavirus disease kills more than 500,000 infants around the world each year, mainly in low-and middle-income countries and before a rotavirus vaccine became available the disease was blamed for more than 50,000 hospitalizations and several dozen deaths per year in the United States [43] . Thus, the usage of the contaminated Rotarix may be justified when the benefits of vaccination outweigh any concerns due to the contamination.
Besides Rotarix vaccine, another vaccine against rotavirus was found contaminated [37] . DNA fragments of simian retrovirus (SRV) were revealed in Rotateq vaccine, which is a genetically engineered product of Merck. Rotateq contains five human-bovine reassortment strains of rotavirus that were created at the Children's Hospital of Pennsylvania (CHOP), where rotavirus strains causing bovine diarrhoea were combined with human strains of rotavirus. The reassortment viruses were transported to Merck, where master seeds were produced using African Green Monkey kidney cell cultures. Foetal bovine serum and porcine trypsin were also added to produce the seed stock [44] . Small amounts of residual bovine serum and cell culture media were also revealed in Rotateq vaccine [44, 45] .
The significance of "silent" presence of potential contaminants in vaccines cannot be fully estimated based on the available data at present. However, the artificial introduction of certain agents into a new host may cause a very complicated virological situation. It is clearly underlined by the examples, when vaccines for pigs contaminated with circovirus may be played a role in onset and spread of postweaning multisystemic wasting syndrome (PMWS) or the inactivated vaccines produced from sheep brain to protect sheep against louping ill, a brain inflammatory ailment spread by ticks, had a clear relation in the escalated transmission of scrapie [46] .
Improvements in methodology of viral detection
Cell culture is a central way of viral detection, which facilitates downstream analysis with other laboratory methods including electronmicroscopy (EM), serology and PCR. Detection of antibodies induced by a certain agent in a host is also a conventional approach [47] .
The conventional detection methods are seriously hampered by the fact that many potential EAs do not replicate in cell culture, or a suitable animal model has not been identified. However, the discovery of unknown non-cultivable viruses is ongoing and several methods were used for the identification of unknown noncultivable agents such as EM [48, 49] , EM combined with serology [50, 51] or immune serum to screen peptide expression libraries generated from samples infected with unknown viruses [52] .
Nucleic acid based detection methods are so sensitive that they detect small numbers of viruses that may occur in the absence of disease. The limitation of these methods is the need of a priori knowledge of the viral nucleic acid sequence to be detected [53] . Moreover, the interpretation of PCR positive results is also complex and often required further testing, considering the fact molecular techniques like PCR detects nucleic acids and not infectivity.
RNase/DNase digestion prior to PCR both improves the sensitivity of detection by removal of background DNA and as the nucleic acid in the virion is protected from DNase/RNase, the obtained PCR positivity profoundly indicates the presence of intact (perhaps infective) virions [54] . This may help to address the question if only non-infective genomic fragment or a native virion were detected by PCR.
Besides traditional PCR many variants of the real-time PCR assays had been developed. These methods highly vary in which chemistries are used e.g. TaqMan, molecular beacons (MB), scorpion primers, dual probe systems, dye-labelled oligonucleotide ligation or Primer-Probe Energy Transfer System (PriProET) [55] . Compared to traditional PCR the real-time assays are faster, nearly equally sensitive and allow quantification. Their throughput is higher, the risk of contamination is lower as there is no need to open the test tube for post-PCR handling of the product. Real-time PCR allows automation and multiplexing, because probes can be labelled with a number of different fluorophores leading to lower diagnostic costs as final consequence [55] .
In veterinary field real-time PCR are taking over traditional PCRs. PriProET was suggested having the most robust diagnostic potential among others real-time PCR variants, because PriProET needs shorter conserved region to hybridise and less fragile to single point mutation [56, 57] .
So-called proximity ligation offers a novel mean to detect antibody by nucleic acid amplification. In this method antibodies recognising viral or bacterial surface proteins are bound to DNA strands. These DNA strands can be ligated and subsequently amplified by a real-time PCR when antibodies are bound to surface antigens of the infectious agent [58] .
Considering all different types of PCR the common feature is that the interpretation of PCR results can be difficult from a risk assessment point of view. For instance, lower risk may be posed by a contamination, which is non-specific to the species targeted by the contaminated vaccine [59] . However, the possibility of crossspecies contamination may undermine the simplicity of this approach as in case of bovine spongiform encephalitis which was shown to be able to cross the species barrier between bovines and humans [59, 60] .
The use of most recent technical developments including sequence-independent molecular techniques combined with highthroughput sequencing or microarray analysis may improve and accelerate the viral discovery. PCV1 in Rotarix and SRV in Rotateq were revealed both by Massive Parallel Sequencing (MPS) combined with the sequence-independent nucleic acid techniques and microarray tests on RNase/DNase digested samples [37] .
Both random PCR combined with MPS and microarray tests have the advantage to detect a much wider range of potential extraneous agents than the currently mandated methods like cell cultures or agent-specific PCR [37] . The strength of metagenomics is that this method does not target any specific virus/pathogen, but has a general capacity to detect a wide range of infectious agents, including unknown emerging novel viruses. The advantage of microarrays is the potential of highly multiplexed detection of EAs. Numerous microbes can be simultaneously detected by microarray using !70 nucleotides long probes provided melting temperatures are high enough to ensure hybridisation despite the restricted complementary between probe and target.
Nevertheless, both metagenomics and microarray test have their own limitations. PCR is more sensitive than either metagenomics or microarrays when screening for specific viruses. Without the pre-amplification of the clinical sample most microarrays are not sensitive enough [61] . The use of random PCR step prior to microarray hybridisation can improve the sensitivity of microarrays enabling in the same time the detection of EAs without any a priori knowledge of the infectious agent. Considering the fact PCR-based random amplification of whole genome was demonstrated to generate incomplete coverage of genome, Erlandsson et al. [62] used isothermal multiple displacement amplification of whole genomes by the Phi29 polymerase. Phi29 polymerase allows very good coverage of the genomes because of its high processivity and extremely low error rate [62] . Phi29 polymerase can also be used for improvement of sensitivity of an agent-specific real-time PCR [63] . In the so-called AMP-PCR, an unbiased random Phi29 preamplification is carried out before a specific real-time PCR reaction.
Thus, AMP-PCR increases the specific PCR signal allowing the detection of positive samples normally under the detection limit of the specific real-time PCR. As AMP-PCR reaction takes place in one vessel, the risk of contamination is eliminated and nested PCR can be replaced by AMP-PCR in situations where increased sensitivity is needed e.g. in routine PCR diagnostic analysis [63] .
Altogether the use of metagenomics and microarrays may offer new perspectives in the vaccine quality control allowing detection further À probably at present unknownÀ agents in vaccines without any a priori (genetic) knowledge of these agents, or any a priori suspicion of contamination.
Legislative issues
To ensure viral safety of animal and human medicinal products, regulations and guidelines have been developed [6] . To describe the potential agents, which must be tested during manufacture of vaccines, an official list of EAs has been compiled by the Ph. Eur. (see chapter 2.6.25) [7] , and a relevant guideline was issued by the Committee for Medicinal Products for Veterinary Use (CVMP) [64] . The advent of molecular biology and the increased globalisation of veterinary vaccine production altogether with the increased need for a review of the progress and requirement in viral safety have led to changes in the regulatory approach.
The present guidelines and specific recommendations on extraneous agent testing of veterinary medicinal products issued by the above mentioned bodies [7, 64] require that all starting materials and final products produced in vivo and in vitro must be tested for the presence of potential contaminants including viruses, bacteria, fungi and mycoplasma in addition to stability and identity where appropriate. EAs lists would need regular revision based on recent epizoological data (on both EU and US sides and including specific avian purity testing as described in Ph. Eur.) and specification of subtypes/substrains, if possible after a thorough risk assessment together with the definition of levels of contamination.
Despite of all efforts of manufacturers and competent authorities, the risk of contamination cannot be completely excluded, only the probability can be minimised, which poses the question: what should be done to increase the maximum safety? Regular revision of testing of Working Seed Viruses (WSVs) and batches/finished products should be necessary at GMP and GLP level. Information should be collected about the geographic location of the facility, quality of facilities/laboratories, quality and health status of personnel and consolidated data from epidemiological monitoring concerning the status of epizootic/enzootic diseases in the geographic origin of the starting materials. All this can lead to a reduction in the number of EAs, which should be tested within the production process. Furthermore it would be essential to define the steps of the manufacturing process where molecular methods can be applied. The reduction in number of EAs and the increasing use of molecular methods instead of traditional animal testing are in profound concordance with '3R's rule as reduce, refine and replace animal testing in the manufacture and testing of veterinary medicinal products, which also recognised by Ph. Eur (see chapter 1.1) [7] . The Ph. Eur. already allows for the use of nucleic acid techniques provided these techniques offer comparable sensitivity and specificity to the conventional methods (see chapter 2.6.21). The new methods may have to be assessed not in comparison with the conventional and compendial methods, but rather in the light of the current needs. To reach this latter aim validation of testing methods in collaborative studies with the involvement of Official Medicines Control Laboratories (OMCL) would also be necessary. OMCLs are key players for the control of immunological and pharmaceuticals products. Their significance is based on their neutral status as OMCLs belong to national competent authorities.
To avoid the contamination of cell cultures with retroviruses it would be advisable to include product-enhanced reverse transcriptase assay (PERT) in the Ph. Eur. for cell bank testing with the explicit indication that a positive test result should be further investigated [59] . The significance of PERT was demonstrated when low level reverse transcriptase (RT) activity was found in attenuated vaccines with chicken-cell origin. Subsequent investigations revealed that the detected RT activity was associated the presence of the incomplete endogenous avian retrovirus (EAV-0 and avian leukosis virus). However, these viruses proved to be non-infectious as the viral envelope protein required fro viral infectivity is missing, their presence in vaccines triggered concerns regarding the safety of these vaccines [65] . These events pointed out that PERT similarly to PCR offers extreme increase in sensitivity compared to traditional methods [66] . The biological significance of the findings raises questions, because RT activity may be conceivably associated with several sources including cellular enzymes like DNA or RNA polymerases, telomerases and cellular elements like retrotransposons [65] .
Revision of and development in inactivation methods for starting materials of animal origin and establishment of well controlled test systems for insect cell lines and insect viruses also have a profound significance [59] .
Concluding remarks
The significance of a "silent" presence of potential contaminants in vaccines cannot be fully estimated. The artificial introduction of agents into a new host may cause a very complicated virological situation, for instance vaccines for pigs contaminated with PCV2 may have contributed to the occurrence of the postweaning multisystemic wasting syndrome (PMWS) or the inactivated vaccines produced from sheep brain to protect sheep against louping ill À a brain inflammatory ailment spread by ticks À clearly played a significant role in the escalated transmission of scrapie [46] . To minimise such risk and ensure high quality and safe vaccines have a profound importance. State-of-art molecular methods like metagenomics and microarrays can improve the capacity of both manufacturers and competent authorities to reveal contaminations and to identify the well-known and the potentially new EAs. The implementation of these methods into routine tests of vaccines and their acceptance by Ph. Eur. or EMA as official methods need validation. A further requirement of the acceptance is to improve interpretation of results obtained by these tests especially in comparison with those obtained by currently mandated tests. A past example underlines that the improved ability to screen vaccines for contamination has a direct relation to the improvement of vaccine quality and safety. Subsequently SV40 had been revealed in vaccines, manufacturers were requested by control authorities to test for the presence of SV40, which led to the full clearance of SV40 from vaccine batches released after 1961.
Contaminations may compromise the advantageous effects of both veterinary and human vaccines and may undermine the trust in vaccines and vaccination. The maintenance of this trust is a profound responsibility of both manufacturers and the competent authorities.
